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Abstract 
In this paper, a rapid and sensitive method for colorimetric sensing of hydrogen sulfide (H2S) in aqueous solutions is illustrated. 
A novel biosensor is developed based on one-shot adsorption of chemically-modified cytochrome c (cyt c) onto gold nanorods 
(Au NRs). Here by reacting H2S with protein heme centre, the protein conformation changed. The conformational changes 
occurring in the protein altered the spectral characteristics by change in the dielectric properties of Au NRs. The limit of 
detection (LOD) and sensitivity of Au NRs / cyt c biosensor were evaluated by using UV– visible spectroscopy. According to the 
experiments, it is revealed that sulfide anions can be detected at a concentration of 2.0 μM (0.75 ppb) by Au NRs / cyt c 
biosensor. This simple and cost-effective sensing platform provides a rapid and convenient detection for sulfide anions at 
concentrations far below the hazardous limit. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014.  
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1. Experimental 
1.1. Synthesis of Au NRs 
In a typical synthesis route, Cetyltrimethylammonium bromide (CTAB)-stabilized Au NRs were synthesized by 
seed mediated growth method [1]. In brief, 5 ml of a 0.2 M CTAB (Sigma Aldrich) solution was mixed with 5 ml of 
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0.5 mM tetrachloroaurate(III) (HAuCl4•3H2O, Alfa Aesar) under stirring, and then 0.6 ml of 0.01 M freshly 
prepared ice-cold NaBH4 (Sigma Aldrich) solution was added. Vigorous stirring of the seed solution was continued 
for 2 min. After the solution was stirred, it was kept at 25 °C. To produce the Au NRs, 0.2 ml of 10 mM HAuCl4, 
and 0.03 ml of 0.01 M AgNO3 (Merck) were successively added into 4 ml of 0.1 M CTAB solution. Afterwards, 
0.032 ml of 0.1 M ascorbic acid (Merck) was added and the mixture was shaken gently until the solution color 
changed from dark yellow to colorless. Finally, 0.01 ml of the seed solution was added. The mixture was stirred for 
10 s and stored still at 35 °C for 12 h. The transmission electron micrographs (TEM, Philips) image of Au NRs is 
shown in Fig. 1a. The average diameter and length of the Au NRs are 15±2 and 60±6 nm, respectively. 
1.2. Chemical modification of cyt c 
The chemical modification of horse heart cytochrome c (Sigma) consisted of reacting its lysine residues with 
carboxyl-terminated thiol derivatives 3-Mercaptopropionic acid (MPA, Sigma) via 1-[3-(Dimethylamino)propyl]-3-
ethylcarbodiimide (Sigma)/N-hydroxysuccinimide (Sigma) (EDC/NHS) activation [2]. Typically, 0.1 M solution of 
MPA was prepared into phosphate buffer saline (PBS) pH 7.0 (Sigma) and an equimolar amount of EDC and NHS 
were added under stirring. Then, 10 μL of this solution was mixed with 0.1 mL of 100 μM cyt c in PBS and left to 
react while stirring at room temperature. After 2h, the protein was reduced by adding ascorbic acid (Sigma) and then 
purified from reagents excess with a separation column (Sigma). The final cyt c concentrationwas estimated by 
absorption measurements; stock solutions were stored at 4 °C. 
 
Fig. 1. (a) TEM images of a Au NRs. (b) Absorption spectra of Au NRs and cyt c/ Au NRs. 
1.3. Synthesis of cyt c/ Au NRs 
The modified MPA- cyt c was incubated with Au NRs for 1h. The resultant mixture was centrifuged to discard 
free cyt c and washed by PBS. The target cyt c/ Au NRs bioconjugates were finally dispersed under ultrasonication 
in PBS (pH 7).  
1.4. H2S saturated solutions 
A Saturated solution of H2S was prepared by bubbling H2S gas, produced in situ according to literature 
procedures, through 5 ml of PBS (pH 7) for 1 h, resulting in an approximate concentration of 12 mM at 20 °C. Also 
standard solutions of (NH4)2S were prepared by a 40% (v/v) commercial solution of (NH4)2S. The H2S content of 
each solution was assessed by an independent coulombometric titration experiment. All the measurements with H2S 
gas were performed in closed cuvette to avoid the dispersion of the gas.  
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2. Results and discussion 
Figure 1b shows the absorption spectra (TU-1810 UV–Vis–NIR spectrophotometer) of the Au NRs (black curve) 
and cyt c/ Au NRs (red curve). The Au NRs have a LSPR peak at ׽820 nm and transverse SPR (TSPR) peak at 
׽518 nm. After coating with a cyt c, the LSPR peak undergoes a redshift to ׽840 nm, TSPR peak shifts to ׽530 nm 
and low intensity protein’s Soret band at ~410 nm exhibits in the absorption spectra. Moreover, the extinction cross 
section of the LSPR of the cyt c/ Au NRs decreases by about 5 % compared to Au NRs. The intensity of the Soret 
band at 410 nm of cyt c, which has remained in the mother liquor after complete removal of cyt c/ Au NRs by 
centrifugation, was used for calculating the number of cyt c molecules per nanoparticle. It was found that self 
assembled monolayer of cyt c molecules was present around AuNPs (~1400 cyt c molecules per Au NRs). 
In the classical approach, partial aggregation is observed by chemical terminate of Au NRs. This is because NHS 
esterification of terminal carboxyl group can destroy carboxyl ionization and cause a neutralization charge on the 
nanoparticle surface, which can result in colloidal particle aggregation. [3]. However, by using this new approach a 
dramatic decrease was observed in the particle aggregation.    
 
Fig. 2. (a) Absorption spectra of free cyt c and cyt c /H2S-bound in PBS (pH 7); (b) absorption spectra of Au/ cyt c NRs at the presence of 
different concentrations of sulfide anions; (c) Redshifted wavelength of LSPR peak (ΔλLSPR) as a function of sulfide anion concentration. 
The absorption spectra of free cyt c (black curve) and cyt c /H2S-bound (red curve) have been presented in Fig. 
2a. The absorption spectra of free cyt c shows several electronic bands located at 280 nm (due to phenyl group of 
Trp and tyrosine residues), 350 nm (ε band), 410 nm (heme or Soret band), and 533 nm (oxy band or Q-band). 
When H2S was bubbled through a cyt c solution, the absorption spectrum significantly changed. Specifically, the 
Soret absorption band is red shifted to 416 nm with a great enhancement in the  intensity and, absorption bands at 
520 nm and 550 nm are apparent in the cyt c /H2S-bound absorption spectrum.  The ε band is blue shifted in 
comparison with its H2S-free value (314 nm and 350 nm for H2S-boundand H2S-free 350 nm, respectively). A 
decrease can also be detected in the Tryp/Tyr band. Hence, the change in absorbance in all bands indicates that H2S 
can access both the heme and Trp residues which are the regulators in structural modifications of cyt c. The change 
in Soret and Q-band reflect the changes of heme micro-environment for the cyt c /H2S-bound. The UV–vis 
absorption data indicate that the protein undergoes strong structural change when H2S binds to cyt c. the 
conformational change of the protein attached on Au NRs are expected to affect the LSPR wavelength (λLSPR). 
The change of the LSPR wavelength (ΔλLSPR) is employed to determine the amount of H2S quantitatively. As 
shown in Fig.2b, as the amount of H2S in the aqueous solution is increased, the LSPR wavelength (λLSPR) of the cyt 
c/ Au NRs undergoes redshifts continuously. In order to obtain an indication on the selectivity of the cyt c /AuNPs, 
the ΔλLSPR in the presence of biologically relevant and potentially competing thiols [e.g., L-cysteine (L-cys) and 
glutathione (GSH)] was checked. In the presence of either L-cys or GSH, no significant shift was observed. 
Moreover, CH4, N2, and CO2 interference were also considered during H2S measurement. The results indicated the 
fact that in a constant response time, gas interference on the response time of H2S biosensor can be neglected. 
Furthermore, a linear relationship between ΔλLSPR and H2S concentration can be inferred (Fig.2c), indicating a 
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dynamic range from 0 to 100 μM. The detection limit, defined here as the lowest concentration of analyte in the 
sensitivity regime, is 0.1 μM (33.4 ppt). According to the experimental results it is clear that after 2 month (at 4o C) 
the sensor response change just about 10 percent. Additional experiments disclose that the biosensors are stable in 
the aqueous solution for at least 10 days at room temperature (׽25 °C) before particle sedimentation occurs, 
regardless of whether H2S is present or not. This performance compares favorably with many other spectroscopic or 
electrochemical methods, suggesting that the cyt c/Au NRs constitute a highly sensitive sensor and ΔλLSPR can be 
used to quantitatively determine the H2S concentration in an aqueous solution. 
3. Conclusion 
In conclusion, a simple, rapid, selective, and highly sensitive colorimetric assay containing Au /cyt c core/shell 
NRs as the probe to detect H2S is reported. The new approach is developed based on attaching chemically-modified 
cyt c onto Au NRs. The conformational changes of cyt c induced by H2S interaction was characterized by using UV-
visible absorption spectroscopy technique. The protein conformational change altered dielectric properties of the Au 
NRs and induce redshifts in the LSPR band, which can be conveniently monitored by Vis–NIR spectrophotometry. 
H2S can be detected by cyt c/Au NRs sensor at a concentration of 2.0 μM (0.75 ppb).  In addition to the high 
sensitivity, the sensor also has a good stability and does not suffer from interferences. This assay has potential 
applications in environmental inspection and biomedical research. 
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